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SHOCK  ASSOCIATED  NOISE  EXPERIMENTS 


The  characteristics  of  the  sound  field  of  shock-containing  under-expanded 
jets  are  studied  by  measuring  the  noise  from  a two-inch  diameter  convergent 
nozzle  over  an  extensive  envelope  of  supercritical  jet  operating  conditions. 
The  measurements,  which  are  accurate  and  comprehensive,  were  conducted  in  the 
Lockheed  anechoic  facility.  The  results  are  presented  in  this  Volume  in  a 
systematic  manner  in  the  form  of  narrowband  spectra.  The  details  pertinent  to 
the  experimental  program  and  the  data  presentation  format  are  summarized 
below. 


SCREECH  SUPPRESSION 

The  total  noise  spectrum  from  an  incorrectly  expanded  jet  flow  contains 
discrete  components  (or  screech)  in  addition  to  the  basic  turbulent  mixing 
noise  and  the  broadband  shock-associated  noise.  In  order  to  study  the  trends 
and  dependencies  of  the  broadband  component  accurately,  it  is  vital  to  keep 
the  contamination  by  screech  to  a minimum  in  the  experimental  program.  In  the 
present  experiments,  screech  suppression  was  successfully  achieved  by  wrapping 
all  surfaces  surrounding  the  nozzle  exit  with  sound  absorbing  material,  and 
incorporating  a small  projection  inside  the  nozzle  lip.  This  projection  in- 
terrupts the  feedback  loop  between  the  first  shock  and  the  nozzle  exit  plane, 
which  has  been  previously  proposed  and  verified  as  the  physical  mechanism  of 
screech  generation.  The  detailed  calibration  tests,  conducted  prior  to  the 
main  shock-associated  noise  experiments,  established  that  all  results  are 
essentially  uncontaminated  by  the  presence  of  screech.  ^ 


EXPERIMENTAL  PROGRAM  CHART 

The  jet  operating  conditions 
were  chosen  carefully  to  be  compat 
ments  so  that,  whenever  possible, 
containing)  jets  can  be  compared  d 
fully-expanded  (shock-free)  jets, 
associated  noise,  somewhat  similar 
turbulent  mixing  noise  (presented 
page.  It  contains  all  the  informa 
test  program. 


for  the  shock-associated  noise  experiments 
ible  with  the  turbulent  mixing  noise  experi- 
the  results  from  under-expanded  (shock- 
irectly  with  the  corresponding  results  from 
The  experimental  program  chart  for  shock- 
to  the  experimental  program  chart  for 
in  Volume  III),  is  shown  on  the  following 
tion  pertinent  to  the  shock-associated  noise 


The  major  difference  between  this  chart  and  the  previous  chart  for  mixing 
noise  experiments,  arises  from  the  observation  that  while  the  intensity  of 
turbulent  mixing  noise  (for  a fixed  measurement  configuration)  is  essentially 
a function  of  jet  exit  velocity  ratio  [I  “ (Vj/a^)8],  the  intensity  of  broad- 
band shock-associated  noise  is  primarily  a function  of  the  nozzle  operating 
pressure  ratio,  Pr/Pq.  For  the  latter,  the  measured  intensity  has  been  ob- 
served to  vary  according  to 


where 


6 = (M2.  - 1)*. 


3Sion  aaivioossv- 


[31  32] 


The  experimental  program  has  therefore  been  designed  such  that  the  jet  operat- 
ing conditions  ( T r/Tq > Pr/Po)  chosen  yield  test  points  at  reasonably  spaced 
values  of  log103. 


The  chart  shows  the  values  of  B (and  hence  Mj  and  Pr/P0)  on  the  X-axis 
and  the  values  of  jet  static  temperature  ratio  Tj/T0  (assuming  ideal  expansion) 
on  the  Y-axis  for  the  4A  test  points  that  constitute  the  complete  experimental 
program,  covering  a wide  envelope  of  supercritical  jet  operating  conditions  of 
practical  interest.  By  considering  test  points  in  each  horizontal  line,  the 
jet  efflux  temperature  is  kept  constant  while  varying  the  pressure  ratio 
parameter  3*  Conversely,  on  each  vertical  line,  a constant  value  of  f:  is 
maintained  while  jet  exit  temperature  is  varied.  Also  shown  on  the  chart  are 
lines  of  constant  total  (or  stagnation)  temperature  ratio,  TR/T0,  and  constant 
jet  exit  velocity  ratio,  Vj/aQ.  These  two  parameters  have  been  calculated 
using  the  isentropic  flow  equations  and  therefore  include  the  assumption  that 
the  jet  flow  is  correctly  expanded.  The  main  reason  for  including  these  lines 
of  constant  TR/T0  and  constant  Vj /aQ  in  the  experimental  program  chart  is  to 
give  an  overall  indication  of  the  ranges  of  these  parameters.  But  in  addition, 
they  serve  to  provide  approximate  values  of  these  quantities  for  each  test 
point,  simply  by  a quick  glance  at  the  diagram. 

The  values  of  the  parameter  2 were  chosen  such  that  in  addition  to  obtain- 
ing reasonably  spaced  values  of  log;oB,  the  twelve  test  points  on  the  three 
vertical  lines  for  £ = 0.9A,  1.3*t,  and  1.70,  are  identical  to  the  jet  operat- 
ing conditions  used  in  the  turbulent  mixing  noise  tests  for  the  three 
convergent-divergent  nozzles  (of  nominal  design  Mach  numbers  1.A,  1.7,  and 
2.0)  . 

The  values  of  the  parameter  Tj/Tq  chosen  for  this  test  program  are  also 
identical  to  those  utilized  in  the  mixing  noise  tests.  The  four  nominal 
values  of  Tj/Tq  are 

Tj/Tq  = unheated  (i.e.  TR/TQ  = l),  1.00,  1.82,  and  2.27- 

For  unheated  tests  (TP's  1 through  11),  the  contribution  of  the  broadband 
shock-associated  noise  relative  to  the  contribution  from  mixing  noise  (which, 
for  fixed  pressure  ratio,  increases  with  increasing  temperature  due  to  the 
increase  in  jet  exit  velocity)  to  the  total  sound  field  is  at  a maximum,  and 
therefore  the  variation  of  shock-associated  noise  with  PR/r*0  can  be  high- 
lighted accurately.  The  test  points  (12  through  22)  at  isothermal  jet  operat- 
ing conditions  provide  minimum  effects  of  temperature,  and  hence  form  a base 
line  for  studying  the  effects  of  temperature  on  shock-associated  noise. 

Finally,  test  points  23  through  provide  data  at  high  temperatures. 

To  summarize,  the  experimental  program  chart  for  shock-associated  noise 
readily  provides  all  the  information  relevant  to  this  phase  of  the  experi- 
mental program.  Taken  together  with  the  results  of  the  turbulent  mixing  noise 
experiments  given  in  Volume  III,  it  is  possible  to  define  accurately  the  jet 
operating  conditions,  the  observer  angles,  and  the  frequencies  over  which  the 
shock-associated  noise  dominates  over  the  turbulent  mixing  noise  from  a jet 
exhaust . 


MEASUREMENT  AND  DATA  REDUCTION  PROCEDURES 


In  Che  case  of  turbulent  mixing  noise  from  jet  exhausts,  the  acoustic 
spectrum  is  broadband,  and  the  t i me-averaged  spectrum  is  smooth  over  the  fre- 
quency range  of  interest.  One-third  octave  analysis  with  sufficient  time 
constant  is  therefore  adequate  for  obtaining  accurate  frequency  analysis  of 
the  sound  field.  However,  when  a convergent  nozzle  is  operated  at  super- 
critical pressure  ratios  or  when  a convergent-divergent  nozzle  is  operated  at 
off-design  (under-expanded  or  over-expanded  jet  flows)  pressure  ratios,  the 
resulting  acoustic  spectrum  contains  a broadband  shock-associated  noise  con- 
tribution and  harmonics  with  well-defined  peak  frequencies,  in  addition  to  the 
basic  mixing  noise.  (The  discrete  component,  or  "screech,"  is  not  discussed 
here  since,  as  mentioned  earlier,  it  has  been  suppressed  in  the  present 
experiments.)  The  intensity,  and  more  importantly,  for  frequency  analysis 
considerations,  the  bandwidth  of  this  shock-associated  noise  contribution 
varies  with  the  nozzle  operating  conditions  and  the  observer  angle.  One-third 
octavo  analysis  is  therefore  not  adequate  for  an  accurate  study  of  the 
measured  shock-associated  noise  phenomena,  although  it  is  also  true  that  when- 
ever the  bandwidth  of  the  broadband  peak  is  fairly  large,  one-third  octave 
analysis  provides  all  the  necessary  information  in  such  cases.  In  view  of 
this  important  consideration,  the  acoustic  measurement  and  data  reduction 
procedures  that  were  adopted  in  the  present  shock-associated  test  program  are 
as  follows. 

The  signals  from  the  twelve  microphones  were  recorded  simultaneously  on  a 
I 4-channel  Honeywell  FM  tape  recorder  at  120  inches  per  second  (ips),  and 
during  the  subsequent  frequency  analysis,  the  tape  was  played  back  at  the  re- 
duced speed  of  30  ips.  For  the  present  2-inch  diameter  nozzle,  the  effective 
frequency  range  of  interest  is  f ron  1 KHz  to  40  KHz.  With  reduced  tape  speed, 
the  spectra  were  therefore  analyz'd  from  250  Hz  to  10  KHz. 

The  analysis  was  conducted  with  a • >.«! ' :>:t  filter  bandwidth,  B,  of  50  Hz, 
which  is  equivalent  to  an  effective  filter  bandwidth  of  200  Hz  over  the  re- 
quired frequency  range. 

The  values  of  remaining  analysis  parameters  were  optimized  with  two  con- 
siderations in  mind:  (i)  the  statistical  accuracy  of  the  data  analysis,  and 

(ii)  the  time  taken  to  perform  one  spectrum  analysis.  The  number  of  degrees 
of  freedom,  n,  was  set  equal  to  100.  This  means  that  the  true  mean-square 
value,  wi th  98/  confidence  level,  lies  between  1.5  times  observed  mean-square 
value  and  0.,'5  times  observed  mean-square  value.  Expressed  in  terms  of  the 
familiar  decibel  scale,  the  true  mean-square  value  is  within  +1.76  dB  and 
-1.25  .2  of  rne  observed  mean-square  value,  with  98c  confidence.  Of  course, 
the  deviation  between  the  true  and  observed  mean-square  values  will  be  smaller 
if  a less  accurate  confidence  level  is  chosen. 

Once  the  value  for  the  number  of  degrees  of  freedom  was  selected,  the 
values  of  the  remaining  analysis  parameters  followed  automatically,  according 
to  standard  statistical  data  analysis  techniques. 

The  ideal  time  constant,  RC , is  n/4B  , i.e.  0.5  second.  However,  in  some 
preliminary  data  analysis  exploration,  it  was  found  that  a time  constant  of  1 
second  was  more  appropriate  in  the  present  (broadband)  analysis.  With  this 
larger  time  constant,  the  spectrum  from  the  X-Y  plotter  was  easier  to  read 


w 


(i.e.,  it  reduced  the  large  pen  movements  that  existed  with  a 0.5  second  time 
constant),  and  hence,  a time  constant  of  one  second  was  used  in  all  frequency 
ana  lysis. 

The  minimum  tape  loop  length  In  seconds,  T,  is  twice  the  ideal  RC , which 
in  this  case  corresponds  to  I second  (or  30  inches  in  length).  Since  the 
analysis  time  would  be  relatively  large,  it  was  decided  to  make  tape  loops  of 
approximately  120  inches  in  order  to  reduce  tape  wear. 

The  sweep  rate,  SR,  must  be  less  than  B/2T,  which  in  this  case  is  a 
linear  sweep  rate  of  25  cycles  per  second.  This  rate  was  used  at  all  times. 

It  is  interesting  to  note  that  the  total  analysis  time  is  = 'f(max)  - 
f(min)j/SR,  which  is  approximately  6j  minutes  per  spectrum.  During  each  narrow- 
band  spectrum  analysis,  a simultaneous  one-third  octave  band  analysis  was  also 
conducted,  which  required  no  additional  analysis  time.  The  resulting  one-third 
octave  spectra  were  processed  on  the  Univac  ^18  computer  with  the  existing 
data  reduction  program,  which  incorporates  the  atmospheric  attenuation  correc- 
tions and  computes  the  overall  '.PL  for  each  spectrum. 


DATA  PRESENTATION 


The  nominal  values  of  jet  operating  conditions  defining  the  test  points 
covering  the  entire  experimental  program  are  tabulated  in  detail,  arid  the 
various  parameters  are  defined  in  the  list  of  symbols.  It  can  be  seen  that 
for  every  test  point  number  (TPN)  , there  are  two  corresponding  run  numbers 
(RN) ; the  first  run  number  refers  to  measurements  in  the  rear  arc,  whereas  the 
second  run  number  refers  to  measurements  in  the  forward  arc  Although,  in  the 
experimental  program,  the  microphones  were  located  at  7i°  intervals  over  the 
angular  range  from  15°  to  150°  to  the  downstream  jet  axis,  the  narrowband 
spectra  given  in  this  Volume  are  at  15°  intervals,  simply  to  reduce  the  size 
of  the  Volume.  Each  one  of  the  four  hundred  spectra  is  identified  by  the  code 
number  that  appears  on  the  top  right-hand  corner.  The  identification  is  con- 
structed as  follows: 

TPN/RN/R  or  F/6° 

The  first  number  gives  the  test  point  number  (TPN),  and  the  second  number 
gives  the  run  number  (RN) . This  is  followed  by  the  letter  R or  F,  which 
signifies  that  the  measurements  were  conducted  in  the  rear  arc  or  the  forward 
arc  configuration,  respectively.  The  last  number  gives  the  angular  position 
of  the  microphone,  referenced  to  the  jet  exhaust  axis. 

It  should  be  noted  that  all  data  given  here  are  for  a two-inch  diameter 
convergent  nozzle  with  the  measurement  points  at  72  diameters.  For  applica- 
tion to  other  measurement  configurations,  the  normal  scaling  laws  must  be 
app lied. 

Finally,  the  reader  is  made  aware  of  the  point  that  due  to  the  presence 
of  the  kaowool  wrapping  near  the  nozzle  exit,  there  is  no  direct  line  of  sight 
between  the  150°  microphone  position  and  the  nozzle  lip.  The  spectra  at  this 
microphone  angle  are  therefore  likely  to  be  affected  (normally  resulting  into 


- i 
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slightly  lower  levels  than  expected),  and  should  he  treated  with  caution.  No 
such  problem  exists,  however,  for  results  at  angles  smaller  than  approximately 
135°. 


SHOCK  ASSOCIATED  NOISE  EXPERIMENTS 


TEST  POINT  CONDITIONS 
(NOMINAL) 


LIST  OF  SYMBOLS 


Vpo 


ambient  speed  of  sound 

speed  of  sound  in  jet  flow  at  nozzle  exit  plane 


jet  nozzle  diameter 


jet  Mach  number,  Vj/aj 
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